Introduction
The 14-kDa E4orf4 protein of human adenoviruses induces p53-independent cell death in many human cancer cell lines Shtrichman and Kleinberger, 1998) . E4orf4 targets include the Ba subunit of protein phosphatase 2A (PP2A) (Shtrichman et al., 1999; Marcellus et al., 2000) and Src kinases (Lavoie et al., 2000) and it has been reported to kill cancer cells selectively (Shtrichman et al., 1999) .
A great variety of cell death pathways exist (Leist and Jaattela, 2001; Lockshin and Zakeri, 2001; Jaattela, 2002) . Necrosis can result as a consequence of severe insults and is characterized by rapid cell swelling and lysis (Leist and Jaattela, 2001) . Apoptosis is tightly regulated and leads to rapid cell death through an orchestrated disassembly of cellular components characterised by early exposure of phosphatidylserine (PS), plasma membrane blebbing, cytoplasmic shrinkage, severe nuclear condensation and DNA degradation (Strasser et al., 2000) . Although apoptosis is the beststudied form of programmed cell death, other programmed cell death pathways exist (Leist and Jaattela, 2001) , including autophagy (Debnath et al., 2005; Kelekar, 2005; Tsujimoto and Shimizu, 2005; Elmore, 2007) , and senescence in which permanent arrest in G 1 leads to death after an extended period (Vojta and Barrett, 1995) . Senescence-associated (SA) b-galactosidase activity is a commonly used biomarker for senescence (Dimri et al., 1995) . Finally, mitotic catastrophe promotes a type of cell death resulting from mitotic failure in which chromosomes are aberrantly segregated to daughter cells (Castedo et al., 2004) . Typically cells undergo cell cycle arrest in G 1 and/or G 2 /M phase, and with the latter, cells eventually slip into G 1 where they die via a variety of processes, including apoptosis, senescence and necrosis-like cell death (Bartek and Lukas, 2007; Blagosklonny, 2007) .
Our earliest observations using Chinese hamster ovary cells indicated that E4orf4-induced cell death was associated with many hallmarks of apoptosis, including some DNA degradation, condensed and irregularlyshaped nuclei, cytoplasmic vacuolization and shrinkage, membrane blebbing and externalisation of PS ; however, it was unaffected by the pancaspase inhibitor zVAD-fmk, and occurred in the absence of poly ADP ribose polymerase cleavage and activation of the downstream effector caspase-3, suggesting a caspaseindependent death pathway in these cells. Another group reported activation by E4orf4 of caspase-8 and involvement of the death receptor pathway in the killing of H1299 and 293T cells (Livne et al., 2001 ). Further, they suggested that E4orf4 induces cytochrome c release from mitochondria and accumulation of reactive oxygen species (ROS). Although we too have observed some release of cytochrome c and activation of caspase-3 in human C-33A cells, such activation did not appear to be essential and thus could reflect an amplification mechanism of the E4orf4 death signal in cells more prone to apoptosis, as cell death was not inhibited by overexpression of Bcl-2 (Robert et al., 2002) . Thus the general nature of E4orf4 death responses still remains to be clarified.
In this study we have examined the E4orf4 death process in H1299 cells. These cells are efficiently killed by E4orf4 and are deficient in p53 expression, making it possible to study p53-independent cell death pathways. Our findings indicate that E4orf4 induces a form of cell death unlike apoptosis and characterized by cell cycle arrest and mitotic catastrophe accompanied by a necrosis-like phenotype.
Results

Analysis of viability and morphology of E4orf4-expressing human H1299 cells
To examine the effects of E4orf4 on proliferation, cell numbers were counted following infection of H1299 cells with either AdE4orf4 or the control vector AdrtTA. Figure 1a shows that although the number of cells increased in controls for at least 5 days, E4orf4 expression induced an immediate cessation of cell proliferation. This outcome did not result from extensive early cell death due to loss of membrane integrity, as Figure 1b shows that the number of cells that became permeable to Trypan Blue increased only modestly over 5 days, with higher numbers observed only after 9-11 days (data not shown). E4orf4 levels throughout were assessed by western blotting using anti-HA antibodies (Figure 1c ). Thus cell death was accompanied by growth arrest and occurred only after considerable time.
Figure 2 (panels at the right) shows the morphology of adherent and detached cells by confocal microscopy. For comparison, H1299 cells expressing wild-type p53 using the Adp53 vector were also examined. In both cases, by day 3 many of the cells had detached, and this effect became more evident with time. The attached E4orf4-expressing cells were rounded and appeared to undergo vigorous blebbing. At later times most of the cells had detached and were quite large; however, decreased cell numbers were only evident after several days. These effects were in marked contrast to those seen in p53-expressing cells, which detached, became small and rapidly decreased in number, presumably due to loss by apoptosis. These results suggested that, unlike apoptosis, E4orf4-induced death of H1299 cells is characterized by cell lifting and enlargement, growth arrest and a slow permeabilization of the cell membrane.
E4orf4-mediated cell killing does not require activation of caspases During activation, pro-caspases are cleaved to form shorter enzymatically active forms. Activation of caspases 1, 2, 3, 6, 7, 8 and 9 was assessed by examining the disappearance of the longer pro-caspase forms by western blotting using antibodies that detect only the pro-caspases. Figure 3a shows that infection by Adp53 induced a rapid cleavage of pro-caspases 1, 2 and 7 and a somewhat delayed but extensive cleavage of procaspases 3, 6, 8 and 9. The levels of all pro-caspases were unaffected over 72 h in mock-and AdrtTA-infected cells. Importantly, little or no activation of these procaspases was detected in AdE4orf4-infected cells.
To determine further the role of caspases in E4orf4 killing, infected cells were cultured in normal medium or that containing zVAD-fmk, a pan-inhibitor of caspases. Analysis of cell viability by Trypan Blue permeability indicated that in the absence of zVAD-fmk, expression of p53 induced extensive cell death by 24 h postinfection (p.i.), and by 72 h p.i. about 70% of the cells exhibited positive staining (Figure 3b ). Conversely, Figure 1b , AdE4orf4-infected cells exhibited increased Trypan Blue uptake from 24 to 72 h p.i., although the percentage of positive cells was less than the one found with p53. Nevertheless, with E4orf4-expressing cells, zVAD-fmk had no effect on the appearance of Trypan Blue-positive cells, nor did it affect the rapid release of cells from the culture dishes (data not shown). Thus the results in Figure 3 indicated that E4orf4-induced death of H1299 cells is not dependent on any of the caspases tested.
E4orf4 does not induce mitochondrial dysfunction
The integrity of mitochondria and the capacity of cells to undergo respiration in response to E4orf4 were addressed. In many classical apoptotic pathways cytochrome c is released from mitochondria to promote caspase cleavage through the apoptosome. Cytochrome c release was therefore examined. At 48 h p.i cells were harvested and fractionated, as described in Materials and methods and equal amounts of microsomal fractions containing mitochondria were examined by western blotting. Figure 4a shows that all preparations were rich in mitochondrion, as determined by western blotting using antibodies against the mitochondrial protein TOM20. Blotting using anti-cytochrome c antibodies indicated that the expression of p53 caused a marked decrease in mitochondrion-associated cytochrome c; however, little or no decrease was detected in preparations from mock-, AdrtTA-or AdE4orf4-infected cells. Similar results were obtained when the same cell extracts were blotted with anti-AIF (apoptosisinducing factor) antibody. Failure of cytochrome c release was also confirmed by immunofluorescence during E4orf4-mediated H1299 cell death (data not shown).
Mitochondrial membrane potential was also examined. In healthy cells the mitochondrial membrane is negatively charged, but during apoptosis, mitochondria undergo pronounced changes in membrane permeability, resulting in the dissipation of the proton gradient and membrane depolarization (Kroemer and Reed, 2000; Kroemer, 2003) . The polarity status of mitochondria can be detected using cationic dyes such as JC-1 that binds intact mitochondria through interactions with the negatively charged membranes (Kroemer and Reed, 2000) . JC-1 is monomeric in the cytoplasm but dimerizes upon binding to intact mitochondrial membranes. In monomeric form JC-1 emits green fluorescence, but in dimeric form it emits red fluorescence. In cells undergoing apoptosis, JC-1 is no longer able to dimerize, resulting in a shift in JC-1 emission spectra and higher levels of green fluorescence detectable by flow cytometry (Cossarizza et al., 1993) . Figure 4b summarizes the mean emission of green fluorescence. Clearly p53 induced a significant increase in green fluorescence; however, E4orf4-expressing cells exhibited levels of green fluorescence similar to those of the mock-and AdrtTA-infected controls. These results suggested that mitochondrial depolarization is not an early deathsignaling event in response to E4orf4.
Another approach to determine if mitochondria are directly involved is to measure ATP production, which is typically diminished during apoptosis (Wang, 2001 ). H1299 cells were infected as in Figure 4b , and at 24, 48 and 72 h p.i. cells were harvested and assessed for ATP content using the ViaLight ATP assay. Figure 4c shows that in p53-expressing cells, ATP levels were reduced at 24-48 h p.i., and were virtually undetectable by 72 h p.i., presumably because most cells had died from apoptosis. With E4orf4, ATP levels were normal at 24 h. p.i, and then even increased to some extent. These results Figure 2 Cell morphology. H1299 cells were infected with Adp53 or AdE4orf4, respectively, and these cultures (containing both adherent and floating cells) were examined by confocal microscopy on day 3, 6 and 9 p.i. p53-and E4orf4-expressing cells have been presented in the panels at the right. As a control, the size and shape of normal adherent H1299 cells and cells in suspension following trypsinization have been presented in the two panels at the left. All photographs of cells are in the same scale.
Cell death induced by Ad E4orf4
S Li et al indicated that the E4orf4 killing pathway does not involve a rapid inhibition of mitochondrial function. The production of ROS occurs when cells are exposed to molecular oxygen (Fleury et al., 2002) . ROS such as H 2 O 2 and O 2 À can be generated in mitochondria and the endoplasmic reticulum or at the plasma membrane, and their accumulation plays an important role in p53-dependent cell death (Li et al., 1999) . ROS levels were therefore investigated in H1299 cells at 48 h p.i. using flow cytometry in which at least 10 000 cells were analyzed per sample. Figure 4d shows that although some accumulation of H 2 O 2 was detected in p53-expressing cells, the levels observed in E4orf4-expressing cells were similar to those in mock-or AdrtTA-infected cells.
E4orf4 induces some externalization of phosphatidylserine Phosphatidylserine typically translocates during apoptosis to the outer leaflet, where it becomes accessible to Cell death induced by Ad E4orf4 S Li et al staining by annexin V (Fadok et al., 1998) . To examine PS externalization, H1299 cells were infected as in previous experiments and at 48 h p.i. cells were incubated with anti-annexin V antibodies already conjugated to Alexa-Fluor 488 and propidium iodide (PI), then submitted to flow cytometry, and at least 10 000 cells were analysed for bound annexin V antibodies, as detected by fluorescence but excluding PI uptake. Figure 5 shows the mean intensity of the signals, with the value for AdrtTA-infected cells set as 100%. These data show that E4orf4 induced somewhat more externalization of PS than the mock-and AdrtTAinfected controls, although the amount was considerably less than in Adp53-infected cells. To support this finding, the above experiment was repeated, but cells were submitted to analysis by fluorescence microscopy. We found that 32% of cells expressing E4orf4 exhibited externalized PS whereas this fraction was 10% with mock-or AdrtTA-infected cells, and 95% with Adp53 (data not shown). These data indicated that E4orf4 induces only a small amount of PS externalization. Thus the results in Figures 1-5 were generally consistent with the possibility that E4orf4 induces the death of H1299 cells by a mechanism with characteristics quite different from those of apoptosis. Figure 6 shows that the population of G 1 -phase mock-infected cells increased between 48 and 96 h from 58 to 75% whereas the percentage of S-and G 2 /M-phase cells decreased, presumably reflecting density-dependent growth arrest, as addition of fresh serum caused a reduction in the G 1 cell population (data not shown). A similar effect was also seen in AdrtTA-infected cells, although accumulation of G 1 cells was already apparent by 48 h. In the case of AdE4orf4-infected cells, the proportion of cells in G 1 decreased slightly whereas significant numbers of cells accumulated in G 2 /M, with a clear rise in both polyploid and sub-G 1 cells. Replating these cells in fresh medium had little effect on the profile (data not shown), suggesting that E4orf4-expressing cells were no longer sensitive to serum stimulation. Nevertheless, even after much longer times in culture, the proportions of cells in G 1 and G 2 /M remained high (data not shown). These results indicated that E4orf4 induces cell cycle arrest in G 2 /M while maintaining a substantial population of G 1 -like cells. DNA degradation in this study was assessed by quantifying the number of cells present in the sub-G 1 fraction. In the case of Adp53-infected cells, large increases were observed, as are typical of cells dying by apoptosis. Very low numbers of sub-G 1 cells were observed in the controls, although E4orf4 did induce a slight increase. These results suggested that while some DNA degradation may occur as a late event, E4orf4-induced cell death is not typified by extensive levels of DNA degradation.
E4orf4 appears to induce mitotic catastrophe in H1299 cells
Because FACS analysis indicated that more than onethird of E4orf4-expressing cells contained X4N levels of DNA, it seemed possible that these cells might be susceptible to death through mitotic catastrophe. To investigate this possibility, E4orf4-expressing cells were treated with hematoxylin and cells that remained adherent were examined by microscopy. Figure 7a shows that a large proportion of cells contained two (T) or more (M) nuclei (more than 30% by count), often of quite irregular shape, and others (about 5% by count) clearly showed the presence of micronuclei (Micro). Some cells also exhibited giant nuclei (G). Such cells were very rare in control cultures (data not shown).
Cells undergoing mitotic catastrophe typically die following emergence from mitosis into G 1 . To determine if this process was occurring, the levels of cyclin B1 (mitosis) and cyclin E (G 1 ) were examined by western blotting using appropriate antibodies in extracts from AdrtTA-and AdE4orf4-infected cells harvested at 1, 2, Cell death induced by Ad E4orf4 S Li et al 3 and 4 days p.i. Figure 7b shows that cyclin B1 levels decreased to some extent with both AdrtTA and AdE4orf4. Cyclin E levels rose somewhat with AdrtTA; however, a large increase was observed with AdE4orf4. Notably, in rtTA-expressing cells both cyclin B1 and cyclin E levels could be returned to normal by replating in fresh medium, whereas in E4orf4-expressing cells cyclin B1 but not cyclin E levels were affected by the same treatment (data not shown). These results suggested that E4orf4 expression may cause growth arrest in both G 2 /M and G 1 and also accumulate X4N cells in a G 1 -like phase. These findings and those in Figure 7a were consistent with death resulting from mitotic catastrophe. Cells were harvested at 1, 2, 3 and 4 days p.i. and subjected to western blotting for cyclin B1 and cyclin E expression. E4orf4 expression was revealed by anti-HA antibody. Western blotting for actin was performed to ensure the equal loading of protein samples.
Cell death induced by Ad E4orf4 S Li et al
Senescence is not a major consequence of E4orf4 expression Mitotic catastrophe often results in senescence and thus to investigate whether senescence is involved in E4orf4 killing, the presence of SA-b-gal activity was examined. b-gal activity was assessed in reaction buffer at pH 4.0 to reveal lysosomal b-gal activities. In parallel, cells were incubated in the same buffer except at pH 6.0 to detect SA-b-gal activities. The presence of significant lysosomal b-gal activities indicated that virtually all cells in all cultures were metabolically active (Figure 8 , upper panels). Figure 8 (lower panels) indicated little or no SA-b-gal activity in either mock-or AdrtTA-infected cells (o2% of cells by count), whereas a slightly higher number (B8%) of AdE4orf4-infected cells stained positively for this enzyme. These results suggested that induction of senescence did not occur at high levels following expression of E4orf4.
Discussion
The adenovirus E4orf4 protein was found to induce an immediate cessation of growth of H1299 cells followed by cell death over an extended period. Unlike p53-mediated apoptosis, cell death induced by E4orf4 exhibited few apoptotic hallmarks. Instead, we suggest that E4orf4 induces arrest in G 2 /M and perhaps G 1 , resulting in mitotic catastrophe and ultimately death through a process that resembles necrosis. This interpretation is in accordance with our earlier studies, but appears to contradict some previous results (Livne et al., 2001) . It is possible that physiological differences or culture conditions could make cells more susceptible to caspase activation and apoptosis following cell cycle arrest. Thus E4orf4 might kill by a variety of mechanisms; however, caspase activation is not a prerequisite, but may serve to amplify killing under some conditions or in certain cell types. FACS analysis indicated that in E4orf4-expressing cultures, almost half of the cells were perhaps arrested in a G 1 -like phase (2N), whereas over one-third exhibited X4N DNA content. We believe accumulation of these polyploid cells results from an eventual escape from G 2 /M arrest and participation in one or more aberrant rounds of the cell cycle to become G 1 -like tetraploids and polyploids that express high levels of cyclin E. The considerable presence of such aberrant cells in the culture suggested that mitotic catastrophe might be a common route to cell death induced by E4orf4. Depending on the genetic background and growth conditions, such mitotic catastrophe could have different end points, including apoptosis, senescence and necrosis-like cell death (Blagosklonny, 2007) . In the present studies extensive senescence was not observed, as found in other studies on mitotic catastrophe in cells lacking p53 (Mansilla et al., 2006) . Given the distinct cellular morphology of E4orf4-expressing cells, some form of necrosis might be the most likely ultimate cause of death.
Studies by our groups (Robert et al., 2002) have shown that E4orf4 induces distinct cytoplasmic and nuclear death pathways, the former involving c-Src family kinases and remodeling of the actin cytoskeleton. These effects might induce the extensive rounding and lifting of H1299 cells seen in this study. Details of the E4orf4 nuclear pathway remain obscure, apart from the observation that it is independent of c-Src and tyrosine phosphorylation of E4orf4 (Robert et al., 2002) . It is possible that G 2 /M arrest is a consequence of this nuclear pathway, perhaps involving cell cycle regulators, such as cyclin E, that are localized in the nucleus and Cell death induced by Ad E4orf4 S Li et al mediate cell cycle progression. Cyclin E plays an important role in G 1 /S progression in higher eukaryotes (Keyomarsi and Herliczek, 1997; Blagosklonny and Pardee, 2002; Mazumder et al., 2004) and its overexpression has been reported to induce irreversible G 1 arrest and centrosome abnormalities (Koutsami et al., 2006) and to inhibit Anaphase-promoting complex resulting in abnormal accumulation of Anaphasepromoting complex substrates and therefore impairment of mitosis (Keck et al., 2007) . It is widely believed that cell cycle check points in cancer cells are at least partially defective and thus it may be that differences in the mitotic check point make cancer cells more susceptible to the effects of E4orf4 than normal cells. It will be important to investigate more carefully the effects of E4orf4 on regulators of mitosis and the cell cycle, possibly through its interaction with PP2A.
Materials and methods
Cell culture and adenovirus vectors
Human H1299 lung carcinoma cells were cultured at 37 1C in a-minimal essential medium (a-MEM) supplemented with 10% fetal bovine serum, 100 U/ml penicillin (Gibco BRL, Gaithersburg, MD, USA), 100 mg/ml streptomycin (Gibco BRL) and 2 mM L-glutamine (Gibco BRL).
Certain adenovirus vectors that express only a single product were used in which the E1 region was replaced by transgenes under the cytomegalovirus promoter, including Adp53 (Bacchetti and Graham, 1993) or AdrtTA, which express wild-type human p53 and the rtTA inducer, respectively. To express HA-tagged Ad2 E4orf4, cDNA for HAE4orf4 was subcloned into T-Rex system (Invitrogen, Carlsbad, CA, USA) to produce AdTRexHA-E4orf4 (referred to here as AdE4orf4). In all experiments, adenovirus vectors were used at a multiplicity of infection (moi) of 50 plaque-forming units (pfu) per cell unless otherwise indicated.
Cell death assay Cells were plated in 24-well dishes, infected with adenovirus vectors, and cultured in the presence or absence of 20 mM zVAD-fmk (Enzyme Systems Products, Livermore, CA, USA) for 24, 48 or 72 h. Adherent and non-adherent cells were collected and aliquots were mixed with an equal volume of 0.4% Trypan Blue (Gibco BRL) in PBS and counted.
Cellular fractionation and cytochrome c release analysis
For immunodetection of cytochrome c and AIF, H1299 cells were harvested, washed with 1 Â PBS and resuspended in HIM buffer (200 mM mannitol, 70 mM sucrose, 10 mM HEPES, 1 mM EGTA, 2 mg/ml leupeptin, 2 mg/ml aprotinin, 1 mM prefabloc) and homogenized on ice. Homogenates were centrifuged at 2500 g for 10 min at 4 1C to remove nuclei and supernatants were further centrifuged at 11 000 g for 20 min at 4 1C to isolate mitochondrial (pellet) and cytosolic (supernatant) fractions. The mitochondrial (P10) extract fraction was subjected to quantification and immunoblotting using appropriate antibodies.
SDS-polyacrylamide gel electrophoresis and immunoblotting H1299 cells were harvested and lysed in SDS lysis buffer (1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 0.01 M NaP, 2 mM EDTA, 2 mg/ml leupeptin, 2 mg/ml aprotinin, 1 mM prefabloc). Protein concentrations were quantified using Bio-Rad (Biorad Laboratories, Hercules, CA, USA). Equal amounts of protein were loaded on 8-15% polyacrylamide gels and subjected to SDS-PAGE, electrotransferred onto PVDF membranes (Millipore Corporation, Bedford, MA, USA) and immunoblotting using: mouse monoclonal anti-HA (HA.11, BabCO Richmond, CA, USA), anti-caspase 1 (Pharmingen, San Diego, CA, USA), anti-caspase 2 (Pharmingen), anti-caspase 3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-caspase 6 (Pharmingen), anti-caspase 7 (Pharmingen), anti-caspase 8 (Oncogene Research Products, Cambridge, MA, USA), anticaspase 9 (Oncogene Research Products), anti-AIF (Santa Cruz Biotechnology), anti-cyclin B1 (Santa Cruz Biotechnology) and anti-cyclin E (Santa Cruz Biotechnology) antibodies and rabbit polyclonal anti-cytochrome c (Santa Cruz Biotechnology) antibodies. Mouse monoclonal anti-p53 antibody Ab1801 was purified from hybridoma cell cultures. Antigenantibody complexes were detected using anti-mouse or antirabbit antibodies conjugated to horseradish peroxidase (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA), and visualized using enhanced chemiluminescence (ECL) (Amersham Corporation, Arlington Heights, IL, USA).
Measurement of ATP levels H1299 cells were grown in 96-well plates to a density of 4000 cells per well and the following day cells were infected with viral vectors each at 50 pfu per cell. ATP levels were quantified using the ViaLight ATP Assay (Cambrex Bio Science) according to the manufacturer's directions.
Flow cytometry
Detection of mitochondrial membrane depolarization Cells were infected with adenovirus vectors and incubated for 48 h, then trypsinized, rinsed and resuspended in a-MEM media at a concentration of 1 Â 10 6 cells per ml, incubated with JC-1 fluorescent dye at a final concentration of 10 mg/ml for 15 min at 37 1C, and membrane polarity was analysed using flow cytometry. Data acquisition was done on a Coulter Epics XL 4 colors (Miami, Florida) equipped with a 488 nm argon aircooled laser. Emission was measured using the FL1 (BP 525 nm filter) and FL2 (BP 575 nm filter) channels. Analysis was performed using the SYSTEM II software.
Detection of ROS H1299 cells were infected, trypsinized, rinsed, collected and resuspended as above, but at 16 h p.i., then treated with 5 mM 2,7-dihydrodichlorofluorescin (DFC), incubated at room temperature for 15 min and analysed by flow cytometry. Samples were run on a BD Biosciences Facscan (San Jose, CA, USA) equipped with a 488 nm air-cooled laser. Emission was measured using FL1 channel (530/30 filter). Analysis was done with CellQuest Pro software.
Detection of PS on the cell surface H1299 cells were infected, trypsinized and rinsed as above and resuspended in annexin-binding buffer (10 mM HEPES, ph 7.4, containing 140 mM NaCl, 2.5 mM CaCl 2 ). Aliquots of 100 ml of cell suspension were treated with 5 ml of anti-annexin V antibodies conjugated to Alexa Fluor 488 (Molecular Probes, Eugene, OR, USA) and 10 ml of propidium iodide (PI) at a concentration of 50 mg/ml, and incubated for 15 min at room temperature in the dark, then analysed by flow cytometry. Samples were run on a BD Biosciences Facscan (San Jose, CA, USA) equipped with a 488 nm argon air-cooled laser. Emission was measured using 530/30 filter for fluorescein detection and a filter >580 nm for PI detection. Analysis was done with CellQuest Pro software.
Cell cycle analysis Cells (10 6 ) per 10-cm-diameter dish were detached in 0.25% trypsin and washed in ice-cold PBS. Following centrifugation at 900 g for 5 min, cells were suspended in 0.5 ml of cold PBS and fixed by adding 4.5 ml of ice-cold ethanol. Fixed cells were stored at -20 1C for at least 30 min. For staining, pelleted cells were washed once with PBS, and suspended in 0.5 ml of PBS containing 20 mg of propidium iodide (Sigma-Aldrich, St Louis, MO, USA) and 200 mg of RNase (Sigma-Aldrich) per ml. Cells were incubated at 37 1C for 30 min and maintained at 4 1C before flow cytometry analysis on a FACScan.
Hematoxylin nuclear staining H1299 cells were washed and fixed with standard H&E staining method, and subsequently stained with Harris Hematoxylin Solution (Sigma-Aldrich) for 2-3 min, rinsed with distilled water and then submerged in Scott's tap water substitute (0.2% NaHCO 3 and 2% MgSO 4 ) for 'blueing'. Finally, cells were washed with distilled water once and kept in distilled water for microscopic examination.
Senescence-associated b-gal activity analysis At 4 days p.i., SA-b-gal activity was analysed in H1299 cells as described earlier (Dimri et al., 1995) . To detect lysosomal b-gal, the staining mix solution was prepared with citric acid/ sodium phosphate at pH 4.0.
